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1 Introduction
The top is unique among the known elementary fermions with several properties that make
it an object worth studying. From the experimental perspective, its complex structure pro-
vides many handles that are translated to a very rich set of observables to probe. From
the perturbative QCD side the top is an object that enables theorists to make precise com-
putations that yield accurate predictions to test against data. Within the Standard Model
(SM), the top quark is also linked to flavor and electroweak physics due to its large Yukawa
coupling. In fact, despite being perturbative, the sizable top Yukawa coupling implies that
the top interactions at the quantum level dominate many of the flavor violating observables
as well as the contributions to various electroweak observables. This makes the top quark a
generic sensitive tool for new physics searches. In fact, even though the hierarchy problem
is normally used as the main argument to expect new physics appearing in top interac-
tions, not all precision top observables provide a direct link with the physics of naturalness.
An example for such an observable is the top pair forward-backward asymmetry (and its
derivatives to be discussed in the following). The reasoning behind this statement is the
fact that, to generate a sizable asymmetry, one requires the new dynamics to have a sizable
coupling to the tops as well as the first generation quarks, the proton-anti-proton valence
constituents. As the fine-tuning “pressure” coming from the light quarks is negligible it
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is hard to make a case for a direct link between this observable and natural models of
electroweak symmetry breaking.1
In this paper we consider a number of tt¯ asymmetries beyond the Tevatron anomalous
forward-backward asymmetry. Within the SM, the tt¯ forward-backward asymmetry, Att¯, is
an interesting variable because it tells us about QCD interactions beyond leading order in a
region that should be well described by perturbation theory [9, 10]. Furthermore, as the SM
contributions are expected to be small [9–13], the measurement of Att¯ is sensitive to beyond-
the-SM (BSM) contributions. As mentioned, this asymmetry is a quite special observable
since a sizable modification of it requires new physics with non-standard couplings both to
the tt¯ quark current and to the current of uu¯ (or possibly dd¯ ) initial-state quarks.
Both Tevatron experiments, CDF and DØ, have observed an anomalously large
forward-backward asymmetry in tt¯ production, defined by
Att¯ =
N(∆ytt¯ > 0)−N(∆ytt¯ < 0)
N(∆ytt¯ > 0) +N(∆ytt¯ < 0)
, (1.1)
where ∆ytt¯ ≡ yt − yt¯ and N is the total number of events satisfying the corresponding
constraint. This asymmetry has been measured in semi-leptonic decays with the following
result:
Att¯(CDF) = 0.164± 0.047, [14], (1.2)
Att¯(DØ) = 0.196± 0.065, [15], (1.3)
to be compared with the SM NLO prediction with electroweak corrections included [16],
Att¯(SM) = 0.088± 0.006. (1.4)
Although not statistically significant for a discovery, the observed excess is consistent among
experiments. Moreover, the excess in the top asymmetry is accompanied by several excesses
in lepton-based asymmetries measured at the Tevatron in the semi-leptonic (SL) and di-
leptonic (DL) channels. The current results for inclusive lepton-based asymmetries together
with the SM prediction (as reported by the experimental collaborations) are
SL : A`(CDF) = 0.094± 0.024+0.022−0.017, A`(SM) = 0.038± 0.003, [17],
SL : A`(DØ) = 0.047± 0.023+0.011−0.014, A`(SM) = 0.023, [18],
DL : A`(CDF) = 0.072± 0.052± 0.030, A`(SM) = 0.038± 0.003, [19],
DL : A`(DØ) = 0.044± 0.037± 0.011, A`(SM) = 0.024± 0.001, [20],
DL : A``(CDF) = 0.076± 0.072± 0.037, A``(SM) = 0.048± 0.004, [19],
DL : A``(DØ) = 0.123± 0.054± 0.015, A``(SM) = 0.048± 0.004, [20],
(1.5)
1One can find exotic examples, though, in which an indirect link is found between the physics of elec-
troweak symmetry breaking and naturalness and potentially large tt¯ forward-backward asymmetries. Such
an example could be related to composite Higgs models in the presence of composite first two generation
quarks (in addition to the top ones) which are allowed by precision observables [1–5], lead to a sizable
deviation in the Higgs couplings [6, 7] and potentially also to a sizable [3, 4, 8] asymmetry.
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where the single and double lepton-based asymmetries are defined as follows
A` =
N(q × η > 0)−N(q × η < 0)
N(q × η > 0) +N(q × η < 0) , (1.6)
and
A`` =
N(∆η > 0)−N(∆η < 0)
N(∆η > 0) +N(∆η < 0)
, (1.7)
with q and η the charge and pseudorapidity of the lepton and ∆η ≡ ηl+ − ηl− .
As we will discuss more in detail in section 4 a puzzling aspect of the observed excess
is that the large value of the measured asymmetries is not accompanied by any sizable
deviation in other top observables, such as the total or differential tt¯ production cross
sections. This fact strongly constrains possible explanations of the anomalous forward-
backward asymmetry. An unfortunate obstacle for a satisfactory understanding of this
anomaly is the fact that the Tevatron ceased its operations in 2011. With most of the data
already analyzed new insight into the asymmetry can only come from a new smart choice
of observables, or from an exploration of the Large Hadron Collider (LHC) data (see [21]
for a recent attempt).
In [22] it was shown that the study of the correlation of Att¯ with a lepton-based
asymmetry A`, measured as a function of some kinematical variable, such as the lepton pT
can be a powerful discriminating observable from the following three reasons:
The first is that the lepton-based asymmetry is simpler to measure just because of the
fact that the lepton momenta are measured directly and the relevant corrections due to
detector effects are rather small.
The second is that within the SM the correlation between the tt¯ forward-backward
asymmetry Att¯ and the corresponding lepton-based asymmetry A` — at the differential
level — is strong and rather clean theoretically [22]. The correlation is easy to understand
qualitatively, it stems from a combination of the vector nature of QCD (or the absence of
polarization in the top production and decay) and the fact that the leading order corrections
to the lepton kinematics are screened away due to the narrow width of the top. Hence a
combined measurement of the two distributions as a function of the lepton pT would lead
to a potentially unbiased and normalization-free test of the SM prediction. In [22] the
robustness of this correlation was successfully tested given various deformation of the SM
distributions, namely scale dependence, the transverse momentum of the tt¯ system and
higher order effects in the decay and showering.
The third is that beyond the SM this correlation is generically lost. The lepton asym-
metry is sensitive to different aspects of the interaction depending on the kinematical
regime. In particular, it depends on the polarization (and therefore chirality) of initial-
state quarks near the tt¯ production threshold, whereas it depends on the top kinematics
and polarization at large values of the tt¯ invariant mass [23, 24, 27, 28]. Some of these
aspects can be very different in the SM and in models of new physics that explain the
anomalous Att¯. For instance, near threshold the lepton-based asymmetry could arise due
to a different contribution of left- and right-handed initial-state quarks to the tt¯ produc-
tion, as opposed to the unpolarized initial state in the SM. At large invariant tt¯ masses the
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lepton asymmetry may be stronger (weaker) if the new physics dominantly couples to right
handed (left handed) tops. A simple variable like the lepton pT can be used to interpolate
between the different kinematical regimes and display in this way the sensitivity to the
different ingredients generating the asymmetry [22].
A definite confirmation of the origin of the anomalous Att¯ might come from the larger
tt¯ dataset collected at the LHC. It is important to emphasize, though, that even within the
SM the Tevatron and LHC observables differ in nature. In particular, the dominant tt¯ pro-
duction mechanism and the kinematical reaches available to the top quarks are clearly very
different at the two colliders; the Tevatron collides charge-asymmetric beams and top quark
production is dominated by quark-antiquark annihilation, while, at the LHC, collisions are
charge symmetric and top pair production is driven by gluon-gluon collisions. Further-
more, non-SM dynamics can naturally induce a large deviation for the forward-backward
asymmetry at the Tevatron without affecting the charge asymmetry at the LHC [29–32].
Thus, another byproduct of our study below is to investigate whether at the LHC the
lepton-based asymmetry can break this degeneracy in theory space, namely to be sensitive
to the presence of new physics that explain the Tevatron anomaly in models where the
charge asymmetry at the LHC is close to the SM prediction.
The related charge asymmetry Att¯C in tt¯ production is dwarfed by the dominating
symmetric contribution from initial-state gluon production and although current measure-
ments do not show any deviation from the SM prediction, the large errors leave room for
an anomalous contribution. In this situation it is also pressing to investigate alternative
observables that allow us to obtain as much information as possible from current data.
The main goal of this article is to extend the studies in [22] to LHC observables. For
the sake of concreteness we will focus on the semi-leptonic decay mode in which one top
decays hadronically and the other decays leptonically. We will define a new lepton-based
asymmetry and study the correlation between this asymmetry and Att¯C as a function of
the lepton transverse momentum pT,` and the tt¯ pair invariant mass mtt¯. We will show
that this new observable is robust at the LHC in the SM. We will then consider a number
of new physics models that reproduce the Tevatron asymmetries while being compatible
with all other experimental data. The first class of models generate the asymmetry by
the s-channel exchange of a massive color octet vector resonance (axigluon) with different
chirality structure for its couplings and different mass range. Another model we study
here is one in which the asymmetry is induced by the t-channel exchange of a complex Z ′
boson. The different chirality structures and kinematics induced in these models can be
disentangled by means of the ratio of asymmetries measured as a function of the lepton
pT or the tt¯ invariant mass. Our studies are based on the LHC run at
√
s = 8 TeV.
Nevertheless we expect these observables to be particularly useful during the longer run
at the upgraded LHC with
√
s = 13 TeV as a unique tool to fully explore the origin of the
anomalous forward-backward asymmetry.
The rest of the article is organized as follows. We describe the current status of
measurements of the tt¯ charge asymmetry Att¯C and associated di-lepton-based asymmetry
A``C at the LHC in section 2, in which we also introduce our new lepton-based asymmetry,
At`C . The behaviour in the SM of A
tt¯
C and A
t`
C as a function of pT,` and mtt¯ and the robustness
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of the ratio At`C/A
tt¯
C measured as a function of these kinematical variables are described in
section 3. We describe in section 4 our new physics models, current constraints, and the
potential of the ratio of asymmetries as a function of pT,` or mtt¯ to discriminate among
them and with respect to the SM and we present our conclusions in section 5. We present
in an appendix a test of the robustness of the ratio of lepton-based and forward-backward
asymmetries measured at the Tevatron as a function of the tt¯ invariant mass and provide a
comparison of the pT,` dependence of a lepton-based asymmetry measured by DØand the
SM prediction.
2 Top asymmetries at the LHC
The LHC cannot generate a forward-backward asymmetry in tt¯ production because the pp
initial state is symmetric. However, the different parton distribution functions of quarks
and anti-quarks inside the proton make it possible for the top and anti-top rapidity distri-
butions to be different. Therefore one can define a non-vanishing charge asymmetry,
Att¯C =
N(∆|y|tt¯ > 0)−N(∆|y|tt¯ < 0)
N(∆|y|tt¯ > 0) +N(∆|y|tt¯ < 0) , (2.1)
where ∆|y|tt¯ ≡ |yt| − |yt¯|. Due to the dominant symmetric contribution from initial state
gluons the SM predicts a small charge asymmetry, Att¯C(SM) = 0.0123 ± 0.0005 for
√
s =
7 TeV LHC and Att¯C(SM) = 0.0111± 0.0004 for
√
s = 8 TeV LHC [16]. In the semi-leptonic
channel ATLAS and CMS find the following (unfolded) values:
Att¯C(ATLAS, 7 TeV) = 0.006± 0.010, [33],
Att¯C(CMS, 7 TeV) = 0.004± 0.010± 0.011 [34],
Att¯C(CMS, 8 TeV) = 0.005± 0.007± 0.006, [35], (2.2)
while in the di-leptonic channel the measured values are
Att¯C(ATLAS, 7 TeV) = 0.057± 0.024± 0.015, [36],
Att¯C(CMS, 7 TeV) = 0.050± 0.043+0.010−0.039, [37]. (2.3)
A related leptonic asymmetry can be defined in events in which both tops decay leptonically,
A``C =
N(∆|η|l+l− > 0)−N(∆|η|l+l− < 0)
N(∆|η|l+l− > 0) +N(∆|η|l+l− < 0) , (2.4)
where ∆|η|l+l− ≡ |ηl+ | − |ηl− |. This observable has been measured by ATLAS and CMS
A``C (ATLAS, 7 TeV) = 0.023± 0.012± 0.008, [36], (2.5)
A``C (CMS, 7 TeV) = 0.010± 0.015± 0.006, [37], (2.6)
where the SM prediction is quoted by the experimental collaborations as computed by
MC@NLO as A``C (SM) = 0.004 [38, 39].
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Our goal is to define a new lepton-based asymmetry in semi-leptonic tt¯ events that
maintains the interesting properties of the lepton-based asymmetries at the Tevatron,
namely a unique and robust discriminating power when correlated with the charge asym-
metry as a function of pT,` or mtt¯. The following lepton-based asymmetry fulfills the
requirements:
At`C =
N(∆|y|tl > 0)−N(∆|y|tl < 0)
N(∆|y|tl > 0) +N(∆|y|tl < 0) , (2.7)
where we define
∆|y|tl ≡
{
|yl+ | − |yt¯|, for leptonic top decays
|yt| − |yl− |, for leptonic anti-top decays.
(2.8)
It is clear that at large pT,` or mtt¯ the lepton will inherit the properties of the top it decayed
from and this asymmetry will approach Att¯C . At smaller values, however, it will become
sensitive to other features like the polarization of the initial quarks and can therefore show
deviations between the SM and new physics models.2
3 Charge and lepton-based asymmetries in the SM: distributions and
robustness tests
In this section we are going to describe the behavior of the asymmetries defined above,
Att¯C and A
t`
C , as a function of pT,` and mtt¯ in the SM. We will then proceed to analyze the
robustness of the ratio Att¯C/A
t`
C measured as a function of these variables against various
reconstruction and simulation effects.
As mentioned above, we will focus on the
√
s = 8 TeV LHC run. We have generated our
SM tt¯ events using the next-to-leading order (NLO) event generator POWHEG [40], with
the CT10 [41] parton distribution functions and with the renormalization and factorization
scales set to µR = µF = Q =
√
m2t + (pT,t)
2. All the computed asymmetries are normalized
to the leading-order (LO) total cross-section whenever the result is non-vanishing and to
the NLO when the LO vanishes. The spin correlations between the top and anti-top quarks
and their decay products are maintained in the simulated events. We show in figure 1 the
corresponding distributions for Att¯C (red solid) and A
t`
C (blue dashed) as a function of pT,`
and mtt¯ in the left and right panels, respectively, in the SM with no cuts applied. As
expected, At`C tends to A
tt¯
C at large pT,` since leptons with a large transverse momentum
come from the decay of boosted top quarks, which result in yl ≈ yt. According to the right
plot in figure 1, both asymmetries Att¯C and A
t`
C grow with mtt¯. Since events with large
lepton pT are correlated with large mtt¯, the lepton asymmetry A
t`
C approaches A
tt¯
C also at
large invariant mass of tt¯ pairs.
2We have also considered another lepton-based asymmetry observable, A`C =
N+−N−
N++N− , where N± =∫ |η|Nl±(η) is the cumulative number of events with the corresponding charged lepton weighted with the
absolute value of the lepton rapidity. This second asymmetry has the advantage that it does not require
full reconstruction but unfortunately the A`C/A
tt¯
C ratio turns out not to be robust, as it is very sensitive to
the tt¯ system pT and therefore to the amount of real radiation, and we will disregard it in the following.
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Figure 1. Charge and lepton-based asymmetry dependence on pT,` (left panel) and mtt¯ (right
panel) in the SM with no cuts applied. The error bars correspond to Monte Carlo statistical errors.
We now proceed to investigate the robustness of the ratio of these asymmetries, mea-
sured as a function of the kinematical variables, against various simulation and reconstruc-
tion effects. As a first check we will test the dependence of the ratio on the renormalization
and factorization scales. Since we are using a NLO calculation, which is the first order at
which the asymmetries are generated, we need to estimate the effects of ignoring higher-
order corrections. We have done that by increasing and reducing the scales in the calcu-
lation of the asymmetries by a factor of two. It is expected that each asymmetry would
show a sizable variation with the change of the scale but due to the correlation described
above the ratio should be stable under such variation. We show in figure 2, the pT,` (top)
and mtt¯ (bottom) distributions of A
t`
C (left) and of the A
t`
C/A
tt¯
C ratio (right) for the three
different choices of the renormalization and factorization scales Q2 = Q20, Q
2 = 4×Q20 and
Q2 = 0.25×Q20 where Q20 = m2t +(pT,t)2. These results have been obtained in the SM with
no cuts applied. The two plots on the right of the figure show that the ratio of asymme-
tries is indeed quite stable, consistent with the statistical Monte Carlo uncertainties, when
measured as a function of both pT,` and mtt¯.
Att¯C depends on the transverse momentum of the tt¯ system, pT,tt¯ (see for example [42]).
The reason is that pT,tt¯ is correlated with the amount of real emission in the events that, to-
gether with the virtual corrections, induce the asymmetries. Larger values of pT,tt¯ typically
correspond to events with harder real radiation. In the SM, the interference of the born and
box diagrams in top pair production contributes positively to Att¯C while the interference of
diagrams with initial and final state radiation contributes negatively. Thus, by varying the
value of pT,tt¯ and therefore the amount of hard real radiation, we can modify the relative
positive and negative contributions to the asymmetry. Events with larger values of pT,tt¯
mostly produce negative charge asymmetry. Thus, it is important to investigate whether
the asymmetries are stable in two kinematic regimes with positive and negative contribu-
tions to the charge asymmetry when measured as a function of pT,` and mtt¯. We show in
figure 3 At`C and the A
t`
C/A
tt¯
C ratio as a function of pT,` (left) and mtt¯ (right) in two different
pT,tt¯ regimes: pT,tt¯ < 20 GeV and pT,tt¯ > 20 GeV, together with the inclusive result. Again
we see that the ratio is robust against changes in the value of the pT of the tt¯ system.
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Figure 2. Distribution of At`C (left) and the A
t`
C/A
tt¯
C ratio (right) as a function of pT,` (top) and
mtt¯ (bottom) for three different choices of the renormalization and factorization scale, in the SM
with no cuts applied.
We would like to point out that we have performed an additional robustness test in this
study in the context of the Tevatron measurements. In the appendix, in subsection A.2,
we investigate whether the SM correlation between the lepton-based asymmetry versus the
pT of lepton is sensitive to the use of the specific tool that is used to calculated the matrix
elements and parton shower. We compare the POWHEG [40] and MC@NLO [38, 39] event
generators. These event generators are suitable for this measurement since both include the
NLO calculation of top pair production with subsequent simulation of parton showers. The
tt¯ events generated with MC@NLO have been combined with HERWIG [43] for showering
and hadronization and the POWHEG events have been combined with PYTHIA [44] for
parton showering and hadronization. As shown in figure 7 a fantastic agreement between
the two NLO tools is observed.
We would like to close this section with a comment on the sensitivity of the LHC to
the new lepton-based asymmetry. As we see in figure 1 the new asymmetry is quite similar
in size to the tt¯ charge asymmetry. CMS results on the measurement of the latter at
8 TeV show a below-per-cent statistical uncertainty on it [35], an uncertainty that could be
reduced if combined with ATLAS measurements. Thus we would expect that the LHC can
have some sensitivity to the lepton-based asymmetry but a definite measurement is very
difficult. As we will discuss in the next section, models of new physic can predict a much
larger value of this leptonic asymmetry and therefore its measurement would represent a
quasi-null test for the SM.
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Figure 3. Distribution of At`C (left) and the A
t`
C/A
tt¯
C ratio (right) as a function of pT,` (top) and
mtt¯ (bottom) for two different values of the tt¯ system transverse momentum: pT,tt¯ < 20 GeV and
pT,tt¯ > 20 GeV. To calculate A
t`
C for pT,tt¯ > 20 GeV we use the NLO cross section from POWHEG
in the denominator because the LO one vanishes in this case. The largest part of the cross section
is in the lower pT,tt¯ region, so the statistical uncertainties on the high pT,tt¯ region are higher.
4 Top versus lepton asymmetry beyond the SM
As we have shown in the previous section, within the SM the ratio At`C/A
tt¯
C is rather
insensitive to theoretical uncertainties and reconstruction effects, and this robustness is
true for differential asymmetries as functions of mtt¯ or pT,`. This is in contrast to A
tt¯
C or A
t`
C
on their own, where a much larger variation of the predictions obtained with current Monte
Carlo tools can be observed. As we show in this section, the ratio of differential asymmetries
is also a powerful discriminant between the SM and new physics models explaining the
Tevatron anomaly. The reason is that, in the SM, the lepton-based asymmetry is inherited
from the top asymmetry: the direction of the lepton in semi-leptonic top decays is correlated
with the direction of the decaying top. Beyond the SM, however, At`C becomes independent
of Att¯C because polarization effects in the tt¯ production may affect these two asymmetries
in a completely different way. This suggests we can use the shape of At`C/A
tt¯
C as function
of mtt¯ or pT,` to differentiate between the SM and BSM interpretations of the measured
asymmetries. In this section we illustrate this idea by calculating Att¯C and A
t`
C predicted
in a set of BSM benchmark models. The criterion for choosing our benchmark models is
that they should improve the global fit to the asymmetry observables and tt¯ cross section
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measurements at the Tevatron and the LHC. In the following we first discuss the most
relevant constraints, next we introduce our benchmark models, and finally we list the
results for At`C , A
tt¯
C , and their ratio in these models.
4.1 Constraints
New physics models contributing to the top asymmetry are constrained by measurements
of the total and differential cross section at the Tevatron and the LHC [45–47]. To design
our benchmark models we have taken into account the following constraints:
1. The Tevatron combination of the tt¯ inclusive cross section [48]:
σTeVtt¯ = (7.62± 0.42) pb, (4.1)
where the SM next-to-next-to-leading order (NNLO) prediction is σTeVtt¯, SM =
7.16+0.20−0.23 pb [49].
2. The last bin of the CDF [50] and DØ [51] differential tt¯ cross section measurement
as a function of mtt¯:
CDF :
∫ 1.4TeV
0.8TeV
dσTeVtt¯
dmtt¯
= (0.041± 0.21) pb,
DØ:
∫ 1.2TeV
0.75TeV
dσTeVtt¯
dmtt¯
= 0.067+0.052−0.050 pb, (4.2)
where the SM prediction is quoted as
∫ 1.4TeV
0.8TeV
dσTeV
tt¯,SM
dmtt¯
≈ 0.03 pb, and ∫ 1.2TeV0.75TeV dσTeVtt¯,SMdmtt¯ ≈
0.06 pb.
3. The 95% CL limit on the tt¯ cross section at the high mtt¯ tail at CMS [52]:∫ 8TeV
1TeV
dσTeV
tt¯
dmtt¯∫ 8TeV
1TeV
dσTeV
tt¯,SM
dmtt¯
< 1.2 . (4.3)
4.2 Benchmark models
One class of BSM models generating the top forward-backward asymmetry at tree-level
contains a color-octet vector boson Gaµ (the so-called axigluon) with non-zero mass mG
and chiral couplings [53]. The axigluon couplings to the SM quarks are assumed to be
flavor diagonal but otherwise arbitrary:
L ⊃ gL,i q¯i γµGaµ T aPL qi + gR,i q¯i γµGaµ T a PR qi , (4.4)
where qi are the SM quarks fields, and PL,R are the projection operators into left- and
right-handed spinors. In this model the top pair production amplitude qq¯ → tt¯ receives
a contribution from the axigluon in the s-channel which interferes with the SM gluon
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exchange. The forward-backward asymmetry appears at tree level when the axigluon cou-
plings are chiral. We choose several benchmark models with different axigluon mass and
couplings. First, we choose three benchmark points with a light axigluon:
Axi200R : mG = 200 GeV, ΓG = 50 GeV, gR,i = 0.5gs, gL,i = 0;
Axi200L : mG = 200 GeV, ΓG = 50 GeV, gR,i = 0, gL,i = 0.5gs;
Axi200A : mG = 200 GeV, ΓG = 50 GeV, gR,i = 0.4gs, gL,i = −0.4gs, (4.5)
where gs is the strong coupling. A light axigluon, 100 GeV . mG . 400 GeV gives rise to a
positive asymmetry when couplings are flavor universal as in [55, 56]. Such a particle can be
consistent with all existing constraints as long as it has a significant width [57–59]. In the
benchmarks above we set ΓG = 50 GeV, even though the decay width into the SM is only
O(few) GeV; the remaining width must come from exotic (e.g. multijet) axigluon decays
channels [58]. Compared to the similar benchmarks studied in [22], Axi200R and Axi200L
have reduced couplings in order to reduce the tension with the total Tevatron cross section
and lepton-based asymmetry measurements, at the price of a smaller contribution to the
tt¯ asymmetry.
We also choose 2 benchmarks with a heavy axigluon:
Axi2000A : mG=2 TeV, ΓG=0.96 TeV, gR,u=−gL,q1 =−0.6gs, gR,t=−gL,t=4gs;
Axi2000R : mG=2 TeV, ΓG=1.0 TeV, gR,u=−0.8gs, gR,t=6gs, gL,i=0. (4.6)
For a heavy axigluon obtaining a positive asymmetry requires flavor non-universal cou-
plings, in particular the sign of the coupling to the light and top quarks has to be opposite.
In this case Γ is equal to the decay width into the SM quarks. The mass of about 2 TeV
is needed to avoid the constraints from the tt¯ at the LHC, unless new decay channels pro-
vide a large width [60]. The couplings to light quarks must be moderate to avoid dijet
bounds, but then to achieve a significant contribution to the top asymmetry the coupling
to the top quark must be close to the non-perturbative regime. We have checked that using
a Breit-Wigner description of these heavy axigluons the models are currently allowed by
experimental data. We have estimated the uncertainty involved in using a Breit-Wigner
description by considering an energy-dependent width for the heavy axigluons. The result
is an enhancement in both the asymmetry and in the tail of the tt¯ distribution that puts the
models in some tension with the experimental data. Thus, we consider these models to be
marginally compatible with current data and we keep them mostly for illustration purposes.
Finally, we consider a different model with a complex gauge boson Z ′µ coupled to
right-handed up-type quarks in a flavor-violating way,
L ⊃ gZ′Z ′µt¯RγµuR + h.c.. (4.7)
Z ′ needs to be complex [61], otherwise generating a large top asymmetry is not possible
without conflicting the bounds from the same-sign top production [62, 63]. The new gauge
boson contributes to the uu¯ → tt¯ in the t-channel which yields positive contribution to
the top asymmetry if gZ′ is large enough (for a small gZ′ the contribution is negative).
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Benchmark ∆Att¯ ∆A` ∆A
tt¯
C ∆A
t`
C
Axi200R 0.05 0.07 0.006 0.009
Axi200L 0.05 -0.03 0.007 0.001
Axi200A 0.12 0.05 0.016 0.012
Axi2000R 0.04 0.05 0.007 0.009
Axi2000A 0.07 0.04 0.012 0.010
Zp220 0.13 0.02 -0.001 0.005
Table 1. Additional contribution to inclusive top and lepton-based asymmetries at the Tevatron
and the LHC for the benchmarks studied in this paper.
Furthermore, it also contributes to gu/u¯ → tt¯u process via an on-shell Z ′ production
followed by the decay Z ′ → tu¯ and its conjugate [30]. The latter process is negligible at
the Tevatron, but becomes important at the LHC where the available phase space and the
gluon luminosity are larger. We choose the benchmark point as
Zp220 : mZ′ = 220 GeV, gZ′ = 0.7, ΓG = 2.9 GeV. (4.8)
The mass and the coupling are chosen such that a sizable Tevatron top asymmetry is
generated. However at the LHC the asymmetry approximately cancels between uu¯ → tt¯
(contributing with a positive sign) and gu→ tZ ′ → tt¯u (contributing with a negative sign).
In table 1 we collect the additional contribution to the inclusive asymmetries at the
Tevatron and the LHC predicted for all the benchmarks introduced above.
4.3 Results
In tables 2 and 3 we give our results for the charge and lepton asymmetries at the 8 TeV LHC
for different pT,` and mtt¯ bins in the 6 BSM benchmarks considered. We have obtained
these numbers in the following way. We have computed the LO BSM correction to the
forward and backward cross sections in each bin using MadGraph 5 [64]. These were
added to the NLO SM forward and backward cross sections computed with POWHEG.
Finally, the asymmetry was obtained by taking the ratio of the difference of the forward
and backward cross sections divided by the sum of the LO cross sections in each bin.
As we have stressed previously, the most interesting observable is the At`C/A
tt¯
C ratio,
that we show in figure 4 as a function of pT,` (left) and mtt¯ (right). We can see that
the discriminating power of this observable, previously pointed out in the context of the
Tevatron asymmetry [22], survives at the LHC. For the light axigluon benchmarks Axi200L
and Axi200R the shape of the At`C/A
tt¯
C curve is completely different than in the SM. This is
because for these benchmarks At`C and A
tt¯
C are less correlated with each other, especially in
low pT,` and mtt¯ bins where polarization effects dominate over purely kinematic effects. A
similar albeit weaker effect can be observed for the heavy axigluon benchmark Axi2000R.
The new physics corrections to At`C/A
tt¯
C are even more dramatic for the Z
′ benchmark
Zp220 because, in addition, Att¯C is affected by an accidental cancellation between off-shell
and on-shell Z ′ amplitudes. As a consequence, the ratio of the asymmetries in the two
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pT,`[GeV] [0,30] [30,60] [60,90] [90,120]
Axi200R 0.015 0.014 0.017 0.019
Axi200L 0.020 0.016 0.015 0.015
Axi200A 0.026 0.024 0.025 0.028
Axi2000R 0.014 0.012 0.016 0.023
Axi2000A 0.021 0.018 0.021 0.027
Zp220 0.000 0.004 0.014 0.024
mtt¯[GeV] [300,500] [500,700] [700,900]
Axi200R 0.013 0.019 0.024
Axi200L 0.014 0.020 0.025
Axi200A 0.021 0.030 0.038
Axi2000R 0.010 0.019 0.035
Axi2000A 0.013 0.027 0.052
Zp220 -0.011 0.008 0.069
Table 2. Att¯C as a function of pT,` (left) and mtt¯ (right) for the benchmarks studied in this paper.
pT,`[GeV] [0,30] [30,60] [60,90] [90,120]
Axi200R 0.013 0.015 0.018 0.021
Axi200L 0.005 0.008 0.011 0.013
Axi200A 0.013 0.019 0.023 0.027
Axi2000R 0.010 0.012 0.016 0.024
Axi2000A 0.012 0.015 0.019 0.026
Zp220 0.007 0.009 0.015 0.027
mtt¯[GeV] [300,500] [500,700] [700,900]
Axi200R 0.014 0.018 0.024
Axi200L 0.004 0.014 0.022
Axi200A 0.014 0.026 0.035
Axi2000R 0.009 0.018 0.035
Axi2000A 0.009 0.023 0.047
Zp220 -0.004 0.008 0.065
Table 3. At`C as a function of pT,` (left) and mtt¯ (right) for the benchmarks studied in this paper.
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
1.2
pTHlL@GeVD
A l
tC
êA ttC
300 400 500 600 700 800 900
0.0
0.2
0.4
0.6
0.8
1.0
mtt@GeVD
A l
tC
êA ttC
Figure 4. Distribution of the ratio At`C/A
tt¯
C at the LHC as a function of pT,` (left) and mtt¯ (right)
for the SM (dotted black) and for the BSM benchmarks studied in this paper: Axi200R (solid blue),
Axi200L (solid red), Axi200A (solid purple), Axi2000R (dashed blue), Axi2000A (dashed purple),
and Zp220 (solid green).
lowest pT,` bins is very large (out of the plot in figure 4). In this case the precise value of
the ratio is not relevant, since it is very sensitive to changing the parameters of the model
and also to Monte Carlo uncertainties. However the large magnitude is an observable effect
of the accidental cancellations in Att¯C (without corresponding cancellations in A
t`
C ) which
could be the smoking gun of new physics. On the other hand, for the axigluon benchmarks
with axial couplings (where there is no overall polarization in the initial or final state) the
shape of At`C/A
tt¯
C closely resembles that in the SM. Hence in these 2 particular cases the
ratio is not a good discriminant between SM and BSM interpretations of the Att¯ anomaly.
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5 Conclusions
Tevatron measurements of the forward-backward asymmetry in tt¯ production and related
lepton-based asymmetries show an intriguing excess over the SM prediction. In order to
discriminate between the SM and new physics explanations of the anomaly it is desirable
to employ observables that are robust with respect to theoretical uncertainties and recon-
struction effects. It was recently argued [22] that one observable with these properties
is the differential ratio of the forward-backward lepton-based and tt¯ asymmetries at the
Tevatron. In this article we have defined a new lepton-based asymmetry at the LHC and
showed that the ratio of this asymmetry and the tt¯ charge asymmetry, measured as a
function of the pT of the lepton in the semi-leptonic channel or the tt¯ pair invariant mass
fulfills all the requirements of a robust observable. In particular, we have shown that the
ratio depends weakly on the renormalization and factorization scales (that is to say, it is
expected to be stable against higher-order QCD corrections), and on the amount of hard
radiation in the process (measured by the pT of the tt¯ system). We also compared the
differential ratio obtained by POWHEG and MC@NLO at the Tevatron. The two NLO
tools are in fantastic agreement regarding the predicted value for this ratio of asymmetries.
Furthermore, the ratio of lepton-based and tt¯ charge asymmetries can be a powerful
probe of new physics. We have considered a number of benchmark models beyond the SM
that improve the agreement with current experimental data. The benchmark models stud-
ied in this paper include light and heavy axigluon models with different coupling structure
that contribute to the asymmetry in the s-channel and a model with a complex Z ′ gauge
boson that provides a contribution in the t-channel from associate production processes.
We have shown that, in the cases in which the chiral structure of the new physics process is
different from the one in the SM (which is unpolarized) the ratio of the asymmetries shows
a dependence on the kinematic variables strikingly different from the one in the SM. In the
case of the Z ′ benchmark an accidental cancellation between two different contributions to
the tt¯ charge asymmetry makes the differences even more remarkable.
Our studies have been performed for the LHC with
√
s = 8 TeV center-of-mass energy.
Nevertheless, the shape of the ratio of the asymmetries as function of pT,` or mtt¯ should
be a particularly useful observable for the longer LHC run with an upgraded energy
√
s =
13/14 TeV. Moreover, we expect that the ratio of related asymmetries in the di-leptonic tt¯
channel has similar robustness properties and discriminating power.
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A Forward-backward and lepton-based asymmetries at the Tevatron
The Att¯/A` ratio measured at the Tevatron as a function of the lepton pT was shown to be
a robust observable in the SM in [22]. In other words, there is a correlation between Att¯
and A` which qualitatively persists from parton level to the level of including showering
and reconstruction. The Al−Att¯ correlation shows stability under variations of theoretical
inputs and even under potential mismodeling. The authors of [22] also suggested the use of
mtt¯ as an alternative kinematic variable to pT,` but a concrete study of its robustness was
not provided. In this appendix we will show that the ratio of the Tevatron asymmetries
when measured as a function of mtt¯ is stable against the choice of renormalization and
factorization scales and also against a potential mismodeling in the transverse momen-
tum of the tt¯ system. Then, we will compare the recent DØmeasurement of the lepton
asymmetry in the l+jets channel as a function of lepton pT [65] with the SM predictions
from POWHEG [40] and MC@NLO [38, 39], this provides by itself a new robustness test
for the correlation as explained below. Finally, we give the results for the differential tt¯
forward-backward asymmetry Att¯ and the lepton-based forward-backward asymmetry A`
as a function of mtt¯ and pT,` for the BSM benchmarks studied in this paper.
A.1 Robustness tests for the differential asymmetries
In order to check the robustness of the A`/Att¯ ratio when measured as a function of mtt¯,
we have generated tt¯ events with POWHEG, setting the renormalization and factorization
scales to µR = µF = Q =
√
m2t + (pT,t)
2 and using the MSTW2008NLO [66] parton
distribution functions (this choice is made to match the choice of the parton distribution
function made by the DØcollaboration). This study is performed at parton level without
applying any kinematic cuts.
The impact of higher-order calculations can be estimated by varying the renormaliza-
tion and factorization scales. We have increased and reduced the corresponding scales by
a factor of two. We show in figure 5 the distribution of A` (left) and of the A`/Att¯ ratio
(right) as a function of mtt¯ for the three choices of scales. As expected each individual
asymmetry changes with the scale but the ratio remains stable, showing that it is robust
against variations in the renormalization and factorization scales.
It is known that the forward-backward asymmetry Att¯ depends on the transverse mo-
mentum of the tt¯ system pT,tt¯ [11]. Therefore, another important robustness test is to verify
the sensitivity of correlation Al−Att¯ to the pT,tt¯. In order to make sure that the correlation
is not distorted in different regions of pT,tt¯, we have calculated the ratio of asymmetries
in two separate pT,tt¯ bins: pT,tt¯ < 20 GeV and pT,tt¯ > 20 GeV. In figure 6, we show the
ratio A`/Att¯ as a function of mtt¯ for pT,tt¯ < 20 GeV, pT,tt¯ > 20 GeV and for the inclusive
case. The result shows that the ratio is quite insensitive to the value of pT,tt¯ showing the
robustness of the observable against the mismodelling of pT,tt¯.
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Figure 5. Distribution of A` (left) and A`/Att¯ (right) as a function of mtt¯ for three different
choices of the renormalization and factorization scale Q. These plots are for the ideal SM scenario
with no cuts applied.
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Figure 6. The differential asymmetries ratio Al(mtt¯)/Att¯(mtt¯) for two ranges of pT,tt¯ at the
Tevatron. The blue and green depict the ratio for events with pT,tt¯ < 20 GeV and pT,tt¯ > 20 GeV,
respectively. The red curve is the ratio for all pT,tt¯ values. All the calculation are at NLO in
idealized SM with the events simulated with POWHEG.
A.2 Lepton-based asymmetry at the Tevatron versus lepton pT and POWHEG
versus MC@NLO
Based on the full Tevatron data sample of 9.7 fb−1, the DØexperiment has measured the
lepton forward-backward asymmetry in top pair events in the l+jets channel as a function
of the lepton transverse momentum [65].
As a further robustness test, we investigate whether the SM correlation between the
lepton-based asymmetry versus the lepton pT is sensitive to the use of the specific tool
that is used to calculate the matrix elements and parton shower. For that purpose we
compare the POWHEG [40] and MC@NLO [38, 39] event generators. These event genera-
tors are suitable for this measurement since both include the NLO calculation of top pair
production with subsequent simulation of parton showers. The tt¯ events generated with
MC@NLO have been combined with HERWIG [43] for showering and hadronization and
the POWHEG events have been combined with PYTHIA [44] for parton showering and
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Al% Inclusive Low pT Mid pT High pT
Data 4.7± 2.3+1.1−1.4 −0.2± 4.0+1.7−2.3 4.6± 3.5+1.8−1.3 9.8± 3.7+1.9−2.2
MC@NLO 2.2± 0.5 1.4± 0.9 2.3± 0.7 2.8± 0.7
POWHEG 2.41± 0.18 1.54± 0.33 2.54± 0.28 3.02± 0.31
Table 4. The SM predicted values and the observed lepton asymmetries in three bins of lepton pT .
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Figure 7. The observed and predictions of the lepton-based asymmetries as a function of the
charged lepton transverse momentum. The green curve has been obtained with POWHEG and the
blue is the output of MC@NLO.
hadronization. The outputs have been passed through FASTJET [67] to reconstruct the
jets. After this step, we have applied similar cuts and requirements as in [65].
We have then computed the lepton asymmetry defined in eq. (1.6) in the following three
pT,` bins: 20 < pT < 35 GeV (low), 35 < pT < 60 GeV (mid) and pT > 60 GeV (high).
The measurements from DØand the SM prediction obtained by us using MC@NLO and
POWHEG are reported in table 4 and plotted in figure 7 for comparison. As can be
seen, the asymmetries computed with MC@NLO and POWHEG are virtually identical in
all three bins. They are compatible with the DØmeasurements in the first two bins and
show a slight excess in the largest pT,` bin. Clearly, a measurement of the A`/Att¯ ratio
as a function of pT,` could provide a very valuable information on the possible origin of
this excess.
A.3 BSM benchmarks
For completeness we list in tables 5 and 6 the differential results for the Tevatron tt¯ forward-
backward asymmetry Att¯ and the lepton-based forward-backward asymmetry A` as a func-
tion of mtt¯ and pT,` for the BSM benchmark models studied in this paper. In figure 8 we
plot the ratio of these differential asymmetries. As in the case of the LHC, the ratio has a
strong discriminating power for BSM models where tt¯ production is polarized.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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pT,`[GeV] [0,30] [30,60] [60,90] [90,120]
Axi200R 0.11 0.11 0.12 0.13
Axi200L 0.13 0.11 0.19 0.10
Axi200A 0.21 0.20 0.19 0.20
Axi2000R 0.11 0.10 0.11 0.13
Axi2000A 0.15 0.14 0.15 0.17
Zp220 0.21 0.22 0.24 0.27
mtt¯[GeV] [300,500] [500,700] [700,900]
Axi200R 0.10 0.17 0.23
Axi200L 0.10 0.18 0.23
Axi200A 0.17 0.30 0.37
Axi2000R 0.08 0.18 0.30
Axi2000A 0.11 0.27 0.49
Zp220 0.10 0.43 0.74
Table 5. Att¯ at the Tevatron as a function of pT,` (left) and mtt¯ (right) for the benchmarks studied
in this paper.
pT,`[GeV] [0,30] [30,60] [60,90] [90,120]
Axi200R 0.10 0.09 0.09 0.10
Axi200L -0.03 0.01 0.03 0.04
Axi200A 0.05 0.09 0.10 0.12
Axi2000R 0.06 0.07 0.08 0.10
Axi2000A 0.04 0.07 0.08 0.11
Zp220 -0.03 0.07 0.14 0.19
mtt¯[GeV] [300,500] [500,700] [700,900]
Axi200R 0.08 0.13 0.19
Axi200L -0.02 0.06 0.15
Axi200A 0.06 0.17 0.27
Axi2000R 0.05 0.14 0.27
Axi2000A 0.04 0.15 0.36
Zp220 -0.07 0.29 0.67
Table 6. A` at the Tevatron as a function of pT,` (left) and mtt¯ (right) for the benchmarks studied
in this paper.
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Figure 8. Distribution of the ratio A`/Att¯ at the Tevatron as a function of pT,` (left) and mtt¯ (right)
for the SM (dotted black) and for the BSM benchmarks studied in this paper: Axi200R (solid blue),
Axi200L (solid red), Axi200A (solid purple), Axi2000R (dashed blue), Axi2000A (dashed purple),
and Zp220 (solid green).
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